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Abs t rac t  
A su r face  heating function, defined a s  the  r a t io  of the  t i m e  de-  
rivative of the  m e a n  annual tempei-ature cu rve  t o  the  su r face  heat  balance, 
is computed f r o m  the  annual t empera tu re  range and hea t  balance data  f o r  
the  North Amer ican  continent. A n  annual  cycle of the  su r face  heat  balance 
is then reconst ructed  f r o m  the  surface  heating function and the annual t e m p e r -  
a t u r e  curve, and a n  annual cycle of evaporat ive plus turbulent  heat  l o s s  
is recoxnputed f r o m  the  annual  cycles  of radiat ion balance and surface  heat  
balance f o r  the continent. The  implicat ions of t h e s e  r e s u l t s  f o r  long- 
range  weather  forecas t ing  a r e  discussed. 
Introduction 
Reliable prediction of monthly m e a n  su r face  t e m p e r a t u r e  anomal ies  
(i. e., depar tu res  f r o m  the c l i m ~ t o l o g i c a l  normals )  is one of the  m a j o r  
goals  of long-range weather  forecasting. To  b e  of prac t ica l  use, such  
f o r e c a s t s  should probably depict the spat ia l  distr ibution of expected anom- 
3 
a l i e s  with a resolut ion no c o a r s e r  than  l o 2  - 10  km. However, accura te  
long-range prediction on a sca le  that  s m a l l  a p p e a r s  r a t h e r  r e m o t e  a t  
th i s  t ime.  It t h e r e f o r e  s e e m s  reasonable  to  accept  a m o r e  modest objec- 
t ive  and to  invest igate the  possibility of forecas t ing  mbnthly m e a n  su r -  
f ace  t e m p e r a t u r e s  averaged o v e r  much  l a r g e r  a r e a s ,  e. g., a r e a s  of con- 
t inental  scale. While such f  recasts can b e  of l i t t le  p rac t i ca l  value, con- 
t inental  sca le  su r face  t empera tu re  prediction m a y  provide a useful t e s t  
problem fo r  the  development of physical methods  of long-range weather  
prediction. 
The  problem of forecas t ing  the su r face  ground t e m p e r a t u r e  of a 
continent is  formal ly  s imple r  than that of forecas t ing  the  su r face  air t e m -  
perature,  as no advective t c r n l s  appear  explicitly i n  the thermociynamic 
equ-tion f o r  the  ground. I n  view of the c rude  s t a t e  of the a r t ,  it wil l  t he re -  
f o r e  b c  as sumed  tha t  the  ground and su r face  a i r  a r e  i n  t h e r m a l  equil ibrium 
on a monthly t i m e  scale,  and that the  two t e m p e r a t u r e s  a r e  identical. 
T h e  physical  law governing the var ia t ion  of su r face  t e m p e r a t u r e  
with t ime,  t, m a y  b e  wri t ten  i n  s imples t  f o r m  a s  
1 
4 
where  u is the daily su r face  tempera ture ,  h i s  the  daily su r face  heat  
balance, and k is a corresponding su r i ace  heating function. If h is ex- 
p r e s s e d  in  langleys per  unit t ime,  k is in  units of degrees  per  langley 
- 1 (degly  ). The surface  heating function, k, m a y  1 c in terpre ted  a s  the r e -  
c iprocal  of the  product of a n  ave rage  heat  capacity. and a n  "equivalent 
depth of t h e r m a l  influence" of the continental surfa.ce layer .  (See Appendis). 
4 I n  place of the "daily" t c n ~ p c r a t u r c  onc m a y  subst i tute the t c m -  
perat l i re  observed on any ~Lscrvat ioncl l  schedula, c .  g., hourly, twice- 
daily, ctc. 
However, it is probably s imple r  m e r e l y  t o  cons ider  equation (1) a s  f 
the  definition of k. The su r face  heat  balance, h, m a y  be wri t ten  a s  I 
h = r  - ' e  - 
t 
P (2 )  : 
w h e r e  r is the daily sc r face  radiat ion balance, e the  evaporat ive heat i :  l o s s  by the  surface,  and p the  turbulent  ("sensible") heat  loss.  (See, e. g., Sel lers ,  1965. ) t 
L e t  a b a r  denote the monthly m e a n  value, and a p r i m e  the  daily 1 
deviation f r o m  the monthly mean. Also, l e t  a capital  l e t t e r  with a n  1 
a s t e r i s k  denote a climatological monthly normal,  while a capi ta l  l e t t e r  
without a s t e r i s k  denotes the  monthly anomaly. Then, 
u = G + u t ,  h = E + k l ,  h =f; t h ' ,  
- 
* * t 
U = U + U  , E = K  +K-; & = H + H ,  
etc. 
F r o m  (1) and (3) I 
I t  will  b e  a s sumed  that, f o r  the cl imatological  normal  values, 
.Ir 
which may, i n  fact, be considered t o  be a definition of K-'. Fur the rmore ,  
- 
it is probably safe to a s s u m e  that  (k 'h ' )  m a y  be neglected i n  (4) and that  i I ,, 
K << K*. Thus, an approximate prognost ic  equation fo r  the  monthly surface  I 
t empera tu re  anomaly is j : 
which might pe rhaps provide a bas is fo r the predict ion of monthly 
surface tempe rature anomalies by one-step time extrapolation. 
(Experimental one-step predictions of monthly temperature anomalies, 
based on a more elaborate physical model, have been described by 
Adem (19b5, 19 10). ). 
The evaluation of (6) requires a knowledge of the monthly 
anomalies of the surface heat balance and surface heating function, 
a s  well as  their monthly climatological values. However, an effort 
* * (described below) to evaluaie K , a s  well a s  H , for each month 
of the year from climatological data was not successful, and indeed 
* 
it proved necessary to assume a constant value of K a l l  year  round 
* 
in order  to derive a consistent set  of monthly H values. In view 
of the need for such crude approximations, it appears futile, at  
this time, to attempt to evaluate K. The approximate prognostic 
equation is thus reduced to 
* 
where K is treated a s  a constant al.1 year  round. 
I 
The practical applicatioaof (7), including the evaluation 
of H and the extrapolation of U, a r e  beyond the scope of  this paper. 
1 
We have, however, attempted to evaluate monthly values of H 
* 
and a mean annual value of K over a continental a rea ,  namely 
the greater part of North America. The results of that effort a r e  
described in this note. 
Calculat ions a.nd Resul ts  
- 
Maps  of m e a n  monthly su r face  (a i r )  t e m p e r a t u r e  a r e  available 
i n  a variety of climatological a t lases .  . F o r  the continental m e a n  monthly 
su r face  t empera tu re  calculat ions we have used the Nor thern  Hemisphere  
atlas of Cru tcher  and M e s e r v e  (1970). The m o s t  comprehensive  s o u r c e  of 
global su r face  heat  balance data  is the  a t l a s  of Budyko (1 963), in  which a r e  
presented  global m a p s  of the  m e a n  monthly components of the  s u r f a c e  heat  
balance, including the su r face  radiat ion balance and the  evaporat ive and t u r b u l -  
ent  heat  losses .  
Mean monthly values of the  t e m p e r a t u r e s  and su r face  hea t  balance 
components w e r e  numerica l ly  in tegra ted  with r e spec t  t o  a r e a  o v e r  North 
A m e r i c a  (based on interpolat ions between isopleths and summations over  a 
5 degree  latitude - longitude g r id )  between lat i tudes 30 N and 60 N. Budyko 
(1963) has  computed the ave rage  annual values of the  heat  balance compoi~en t s  
over  all continental t n d  oceanic a r e a s ,  but does  not p resen t  the  monthly values. 
T h e  continental ave rage  monthly values of the  su r face  radiat ion 
* * \k balance, R , the  evaporzt ive heat  loss ,  E , and the  turbulent  heat  l c s s ,  P , 
* 
w e r e  computed separs te ly ,  and the su r face  heat  balance, H , w a s  calculated 
f r o m  
The  monthly heat  balances w e r e  then added to obtain the annual  heat  balance, 
which should be zero .  A s  shown in Table 1, th i s  sum was  not quite zero. 
A monthly correc t ion  was  therefore  compiited by dividing the  s u m  by twelve, 
and th is  constant fac tor  was  then subtracted f r ~ m  each monthly value to ob- 
ta in  a s e t  of adjusted monthly heat ba lances  f o r  which the annual  s u m  is ef- 
fectively z e r o  (except fo r  roundoff). The  correc t ion  i s  undoubtedly s m a l l e r  
than the  e r r o r s  of estimation, such a s  those result ing f r o m  interpolat ion be- 
tween isopleths, and docs not exceed 10% fo r  any month. The computed 
.L -1. <; -" r*, 
values of R.'., E*" + P , H"', and the adjusted value, 1-1"' together  with the  
a' * 
monthly values of u', a r e  shown in Tablc  I. The  annual vnlucs of R and 
E* + P* in Table 1 a r e  about 10 percent  higher than those  computed 
by Budyko (1963) f o r  North America ,  probably due to o u r  use  of 60" N 
as the  nor thern  l imi t  of integration. 
* 
T h e  or ig inal  intention of this  study was  to compute K f o r  each 
* 
month f r o m  equation (5), with H calculated f r o m  (8) and the t e m p e r a t u r e  
der iva t ive  compilted f r o m  the annual temperi t ture cu rve ;  but th is  was  not 
.L 
possible. On physical grounds, K- should be positive and finite fo r  a l l  
* 
months. Therefore ,  H should be ze ro  a t  the t imes  of max imum and 
min imum monthly m e a n  tempera ture ,  with positive maxinlur~l  during the  
sp r ing  w ~ r m i n g  cind negative min imum during the f a l l  cooling, i. e . ,  
approximately one season  out of phase with the  t e m p e r a t u r e  curve. How- 
* * 
ever, as shown i n  Tab le  1, the  pnase re la t ions  between H and aU / a t  
a p p e a r  to  b e  unreal is t ic ,  and it is imposs ib le  to compute a se t  of reason-  
* 
able  monthly values of K f r o m  equation (5) and the  tabulated data. F o r  
* 
example,  a d i rec t  computation of K would give values  of z e r o  twice a 
yea r ,  a t  the  t i m e s  of min imum and maximum tempera tu re ,  and infinity 
* 
twice  a year ,  when H r e v e r s e s  sign. E'urthernlore, negative values 
J% 
of K would be  computed f o r  s o m e  months. P a r t  of the  difficulty un- 
* 
doubtedly a r i s e s  because H is computed a s  the  relat ively snlal l  difference, 
J. 4 .I* 
i n  m o s t  months, between two quantities, R-' and E -! T , which a r e ,  
i n  m o s t  months, of the s a m e  sign and approximately equai magnitude. 
* 
T h e  conlputed annual cycle of R appears  t o  b e  rea l i s t i c ,  but that of 
.# ". 
*< E + pl' is f a r  l e s s  rel iable.  Thus, the difference, H , exhibits a n  un- 
r ea l i s t i c  a n ~ u a l  cycle. 
>: 
T o  calculate a constant annual value of K , i t  was  a s s u m e d  that the 
in teg ra l  of the computed su r face  energy balance over  the  6-month  period 
f r o m  the January  t e m p e r a t u r e  nl inimum to the Ju ly  temperature maxi-  
:* 
m u m  is a rel iable quantity. K was  thus assunled  to bc equal to  the ra t io  
of the  a1 nual t empera tu re  range, in d e g r e e s  Cels ius ,  diviclcd by the  
total  surface  hcat  balance, in kilolangleys (kly), ove r  the s a m e  half-year  
period. (Since thc telr lpcraturc range i s  in effcct calculated bctwccn 
mid-months,  the ha l f -year  hcat  1,alancc i s  compi~tcd  as  the slim of the 
monthly values for February through June plus half the sum of the 
values for January and July. ) F r o m  Table 1, the mean annual tem- 
perature range from mid- January to mid- July over North America is 
2 8 . 6 1 ' ~ ~  and thr ha!f-year surface heat balance is 2.39 kly. Thus, 
* 
K is found to be 12 deg C kly". (The same numerical value is, of 
course, obtained if the calculation i s  done for  the 6-month cooling 
* 
period from July to j s i~uary ,  as  the annual sum of H is effectively zero. ) a 
* 
Table 1. Monthly computed values of surface radiation balance (R ), 
* * 
evaporative plus turbulent heat loss  (E + P ), unadjusted 
* * 
surface heat balance. H , and adjusted heat balance, Ha, in 
kilolangleys per  month (kiy mo-I), for North America between 
latitudes 30 N and 60 N, derived f rom Budyko (1 963). Also 
* 
shown a r e  monthly mean ,emperatures, U , in degrees Celsius 
0 ( C), derived f rom Crutcherand Meserve (1970), for the 
same region. 
* 
Month R* (E* t P*) H* a U* HI 
Jan - 0.28 + 0.72 - 1-00 - 0.96 - 9.27 
Feb + 0.73 t 1.49 - 0.76 - 0.72 - 7.57 
Ma r t 2.60 + 2.75 - 0.15 - 0.11 - 1.45 , 
Apr + 4.75 + 3.72 + 1.03 + 1.08 + 5.47 
- - - - - - - - - - - - - 
May + 6. 71 + 5.73 + 1.01 + 1.06 + 11.55 
Jun + 8.07 + 6. 86 + 1.21 + 1-26 t 16.04 
Jul + 7.90 + 7.35 + 0.55 + 0.60 + 19. 34 
A ug + 6.45 + 5.85 + 0.60 + 0.65 + 18. 80 
Sep + 4.29 + 4.69 - - 0.40 - 0.36 + 13. 82 
- 
Oct 
- 
t 2.19 + 3.07 - 0.88 - 0.84 + 8 . 2 1  - 
NOV + 0.63 + 1.43 - 0.80 - 0.76 + 0.21 
-- 
De c - 0.04 t 0.91 - 0.91 - J. 95 - 6.03 
- 
Sum 44.03 44.57 - 0.54 - 0.01 
- 
Correction: 0.54112 = 0.045 
* 
On the assumption that K is constant throuqhout the year,  it 
is now possible to calculate new monthly values of H from equation (5) 
and the monthly mean temperatures. For  this calculation, the re-  
* 
sults of which a re  shown in Table 2, a U  /at  was evaluated for each 
month by centered differences over two months. F rom the new surface 
* 
heat balance, H c, and the presumably reliable radiation balances in 
* * 
Table 1, it is now possible to calculate a new set of values of E + P . 
B? * 
These estimates,  designated a s  (E + P ) c ,  a r e  also listed in Table 2. 
* * 
The annual cycle of (E + P ) in Table 2 appears to be at least  a s  
* *c 
reasonable a s  that of (E + P ) in Table 1. 
The results of the calculations a re  illustrated in Figure 1 ,  
* * *  * 
showing the annual cycles of U , R , H a ,  and H , and in Figure 2, 
* * * f. 
in which a r e  plotted the annual cycles of R , H c ,  and (E + P )c. It 
* * 
should be noted that the scales for R and H  a r e  not the same in Fig- 
ure 1, whereas a uniform scale is used in Figure 2. 
* 
F r o m  the new vhlues o i  H in Table 2 ,  the iialL-year surface 
C 
heat balance is  found to be 2.20 kly rather than 2. 39 kly. If this value 
0 
is  used to calculate K , the heating function is found to be 13 deg kly-' 
rather than 12 deg kly- '. 
Discuss ion 
Equation (7) represents, in i t s  sinlplest form, the basis for 
thermodynamic prediction of monthly surface tempe raturc anomalies 
* 
over a large continental area. If the estimated value of I< (13 deg C 
- 1 kly") is correct,  an anomaly of about t 0. 1 kly rno in the surface 
heat balance is required to produce a surface tcnlperature an!:maly 
tendency of i 1 dsg C mom'. This energy flux represents a t  least  
20 percent of the normal monlhly surface heat balance over North 
America. Howcver, a heat balance anomaly of 0. 1 kly mo-I also . e-  
presents less  than 5 percent of the normal monthly surface radiat'on 
balance (or the normal monthly cvapo rativc plus turbulent heat loss; 
over the continent in  an)- o f  the montlls from March through October. 
Thus, a forecasting system based on the monitoring of radiative 
fluxes requires very bigh precis ion in the radiation measurements. 
An even greater difficulty lies in the evaluation of the evaporative 
plus turbulent heat losses. 
It is apparent from Figure 2 that the monthly normal values 
* * C 
of R and (E + P ) a r e  highly correlated and just slightly out of 
C 
phase. The annual temperature cycle is seen to be the result of only 
a slight imbalance betweer, surface heat sources and sinks. At the 
present time no program exists for monitoring these surface energy 
fluxes on a large scale. Even meteorological satellites a re ,  at  best, 
capable of measuring only the radiation balances at  satellite altitude. 
Thus, the direct evaluation of monthly anomalies of surface heat bal- 
ance over a continent is clearly a formidable problem, and does not 
appear to represent a viable approach to routine long-range tem- 
pe ra.ture prediction. However, the thermodynamic method may be 
useful when anomalies in the surface energy fluxes constitute large 
fractions of the normal surface fluxes. Such extreme anomalous 
events a r e  most likely to occur in winter. Unfortunately, very little 
is known about month- to-month and year-to-year variations in the 
surface energy fluxes over continents. Thus, there is a s  yet little 
o r  no empirical basis for thermodynamic prediction by the meths l  
described above. 
* 
Table 2. Monthly surface heat balance, H =, computed from estimated 
K ( 1  2 deg kly- '1 and mean annual tempcrature curve for 
North America. Also shown are monthly estinlates of 
* * * *- * 
E + P computed from (E + P )c = R - H :bs are 
. .- 
kly rno-'. 
Month (E* + P * ) ~  
Jan - 0.06 - 0,22 
Feb + 0.33 + 0.40 
Mar + 0.54 + 2.06 
- - 
Apr + 0.54 t 4.21 
May + 0.44 + 6.30  
Jul + 0.12  + 7. 78 
A ug - 0.23 + 6.68  
Sep - 0. r.4 t 4.73  
Oct - 0.57 + 2.76 
Nov - 0.59 + 1.22 
Dec - 0.40 -t 0.36 
Sum 0.00 44.03 
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Figures 
Fig. 1 Annual cycles of mean monthly temperature,  T J  ( C), surf? ;e 
* * 
radiation balance, R (kly mo- l ) ,  surface heat balance, Ha 
- 1 (kly mo ), derived i rom Budyko (1963) a t las  only, and r e -  
* - 1 
computed surface heat balance, H (kly mo ) derived from 
Budyko data and annual temperatcie cycle for the ivorth 
America continent between latitudes 30N and 60N. 
* - 1 
Fig. 2 Anilual cy cs of surface radiation balance, R (kly mo ), 
* - 1 
recomputed surface heat balance, H (kly mo ), and re -  
C * 
computed evaporative plus turbulent heat loss ,  (E + P ) c 
for the North American continent between latitudes 30N 
and 6ON. 
Appendix 
The heat conduction equation for the surface layer  of a continent 
m a y  be written a s  
where T, the ear th  temperature, and q, the vertical  heat flux, a r e  both 
functions of depth, z,as well a s  time, t, and C is the heat capacity in the 
layer. The heat equation may be integrated from the earth '  s surface, 
where q = h, down to a depth, L, where q = 0. Thus, for a homogeneous 
la  ye r ,  
For the mean value theorem, 
where the bar denotes a mean value with respect to depth. Let an 
"equivalent depth of thermal influence", D, be defined such that 
where u denotes the surface temperature. Then, 
In an isothermal mixed layer such as  may be found in the ocean, 
L = D, while for a continciltal surface layer,  L is greater  than D. For  
example, if the amplitude of  the tempcrat u r c  variation we re  a linear function 
of depth, vanishing at the depth L,  then L would be equal to 2 D. However, 
in the more realistic casc of an exponentially damped temperature 
variation (which fo1lov.s from the sblution of the heat conduction equation 
for a layer of uniform thermal diffusivity), I, is greater  than 2 D. 
F rom the annual cycles of temperatureand surface heat balance 
averaged over the North American continent, a mean annual heating 
function is computed in this paper to be about 12 degrees Celsius per 
- 3 kilola1:gley. The average heat capacity of soils is roughly 112 cal cm 
deg C - I  (Sellers, 1965). Thus, the mean value of D is approximately 
1 1 / 2  meters  and L is greater  than 3 meters  for the annual cycle. Se l le rs  
(1 965) indicates that the annual temperature cycle over  land penetrates 
to depths of 5-20 meters .  
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